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I N T R O D U C T I O N 
Dietary Mutagens and Carcinogens 
A high proportion of human cancers are attributable to 
environmental agents, mainly environmental chemicals. The 
distribution of potential carcinogens in the environment is 
essentially ubiquitous. The human diet contains various 
naturally occurring mutagens and carcinogens (1). The pre-
dominance of certain foods in some countries has been related 
to the incidence of certain types of cancers in their popula-
tions. Therefore, dietary mutagens have attracted considerable 
interest in the past decade and a number of studies on dietary 
practices in relation to cancer have been undertaken. The 
studies suggest that a greater intake of fibre rich cereals, 
vegetables and fruits and a lower consumption of fat rich 
products and alcohol is advisable (2,3). Although a large 
number of dietary components have been evaluated in microbial 
and animal test systems, there is still no definitive evidence 
about their carcinogenecity and mechanism of action. A 
majority of chemical carcinogens are known to form covalent 
adducts with DNA and there is evidence implicating DNA as 
a critical target in chemically induced cancer (4,5). In 
order to understand carcinogenesis at the molecular level, 
it is essential to determine the conformational changes in 
the target macromolecules and to relate these findings to 
possible aberrations in the functioning of modified macromo-
lecules. Of late, there has been an increasing interest in 
oxygen radicals and lipid peroxidation as a source of damage 
to DNA and therefore, as promoters of cancer (6-9). In addition, 
mammalian systems have also evolved many defence mechanisms as 
protection against mutagens and carcinogens. 
Mutagens and Carcinogens in Dietary Plant Material 
Food is a very complex substance to which humans are 
exposed. Most people perceive food substances of natural 
origin as free of risk. It is based on faith only, because 
our knowledge on this subject is relatively poor. A large 
number of chemicals are synthesized by plants, presumably as 
a defence against various invasive organisms such as bacteria, 
fungi and insects (10-13). The number of these toxic chemicals 
is quite large and new plant chemicals are being continuously 
discovered (14,15). It has been known for many years that 
plants contain carcinogens and a number of edible plants have 
shown carcinogenic activity for several species and various 
tissues. Wide use of short term tests for detecting mutagens 
(16,17), and a number of animal cancer tests on plant subs-
tances have contributed to the identification of many natural 
mutagens and carcinogens in the human diet (10). 
Mutagens in Cotton Seeds 
Cycloproprenoid fatty acids present in cotton seed and 
other oils have been reported to be carcinogenic, mitogenic 
and having various toxic effects in farm animals. Among 
these, sterculic acid and malvalic acid are widespread in the 
human diet. They are also potentiators of carcinogenecity of 
aflatoxins (18). Human exposure to these fatty acids results 
from the consumption of products of animals fed on cotton seed. 
Another major toxin in cotton seed is gossypol which accounts 
for about 1% of its dry weight. Gossypol causes male steri-
lity through formation of abnormal sperm and is carcinogenic 
as well (19). It is a potent initiator and also promoter of 
carcinogenesis in mouse skin (20). Gossypol has been tested 
in China as a possible inexpensive male contraceptive causing 
sterility during use. Its mode of action as a spermicide is 
possibly through the production of oxygen radicals. 
Structure of Gossypol 
Gossypol, the yellow pigment present in cotton seeds 
was first isolated by Marchlewski (21). The structure of 
gossypol is 1,1',6,6',7,7'-hexahydroxy-3,3'-dimethy1-5,5'-bis 
(1-methylethyl)(2,2'binaphthalene)-8,8•-dicarboxaldehyde; 
1,1',6,6)7,7*-hexahydroxy-5,5'-diisopropy1-3,3•-dimethyl 
(2,2•-binaphthalene)-8,8'-dicarboxaldehyde 2,2'-bis (1,6,7-
Trihydroxy-3-methyl-5 isopropyl-8-aldehyd onaphthalene ); 
2,2'-bis (8-formyl-1,6,7-trihydroxy-5-isopropy1-3-methyl 
naphthalene). 
CHO OH OH CHO 
H3C CH3 
/ ^ O H 
H3C CH3 
GOSSYPOL 
The compound is slightly soluble in petroleum ether 
and fairly soluble in methanol, ethanol, ether, chloroform, 
dimethyl formamide and dimethylsulfoxide (DMSO). It is also 
freely soluble in dilute aqueous solutions of ammonia and 
sodium carbonate. It probably exists in three tautomeric forms. 
Antiviral and Antimicrobial Properties of Gossypol 
Gossypol acetic acid when tested jji vitro against 69 
microorganisms (bacteria and yeast) showed potent activity 
against gram positive bacteria with minimum inhibitory con-
centration of 50-100 Aig/ml. However, gossypol acetic acid 
was less active against gram negative bacteria and totally 
inactive for yeast. At a subinhibitory concentration 
(60 Aig/ml), gossypol inhibited spore germination of Bacillus 
cercus by 10.2% (22). Gossypol and a series of periacylated 
gossylic nitriles were compared for their antiviral activi-
ties against herpes simplex II and their toxicities to the 
host cells. The nitriles had lower cytotoxicity to the host 
cells than did the parent compound gossypol. Both gossypol 
and the nitriles had antiviral activities when the virus was 
treated with the drug at concentrations as low as 5 x 10~'^ 
Gossyl nitrile l-l'-diacetate and gossyl nitrile l-l'-diva-
lerate were capable of inhibiting viral multiplication in 
cells that were infected with virus before administration of 
the drug. Thus, modification of the aldehyde functional 
groups on gossypol lowers the toxicity of this drug but does 
not abolish its antiviral properties. Thus nitriles may be 
useful antiviral agents (23). Gossypol polyvinylpyrolidone 
complex exhibited antiviral activities against vesicular 
stomatitis virus, the amount of activity varying with the 
amount of gossypol in the complex (1.2-3.0%) and molecular 
weight of the polymer (2000 or 12,600 Daltons) (24). 
Antifertility Property of Gossypol 
Gossypol is a yellow phenolic compound which reversibly 
inhibits spermatogenesis making it one of the few effective 
male antifertility drugs. Cytotoxic effects of gossypol have 
been associated with its ability to irreversibly inhibit DNA 
synthesis by a previously unknown mechanism. The results of 
this study indicate that gossypol is a potent inhibitor of 
ribonucleotide reductase the rate limiting enzyme in DNA 
synthesis. Furthermore in agreement with these enzyme studies, 
DNA synthesis in a hydroxy urea resistant cell line with 
high levels of ribonucleotide reductase activity showed in-
creased resistance to gossypol when compared to wild type 
cells with normal levels of reductase activity. Ribonucleo-
tide reductase is the first specific site of action documen-
ted for gossypol which can explain its recently described 
antiproliferative, cell cycle and toxic effects (25). 
When rats were administered gossypol (40 mg/kg/day), 
gossypol and prostaglandin PGF 2a at (2 mg/kg/day), or gossypol 
and aspirin (300 mg/kg) for 4 weeks there was a marked effect 
of the gossypol prostaglandin combination on sperm motility 
and spermatogenesis. The effect of gossypol/aspirin combina-
tion was less pronounced. The ratio of body weight to testi-
cular epididymal weights between the different groups showed 
no marked difference. No effect of drug treatment on plasma 
testosterone, LH and FSH was observed. Evidently, Prostag-
landins play an important role in the antifertility effect 
of gossypol (26). 
Gossypol administered orally to male rats at a daily 
dose of 20 mg/kg body weight for 62 days causes infertility. 
There were changes in the epididymal epithelium and the sperm 
were severely damaged and immotile, the sperm head was often 
detached; other defects were abnormal mitochondria, absence 
of plasma membranes and axonemal and accessory fibres and 
a lower oxygen uptake. To study the effect of gossypol on 
ram sperms, they were treated with triton X-100. Such sperm 
models can normally be reactivated with ATP, but gossypol 
(2.5-12.5/iM) decreased reactivation and must have had a 
direct effect on the axoneme. Gossypol also inhibited ram 
sperm adenylate cyclase which is essential for maintaining 
high levels cAMP in sperm and in turn motility. Ram sperm 
2+ 2+ 
requires Mn for activity and high Mn concentrations pro-
tected enzyme from gossypol inhibition. Gossypol chelates 
2 
Mn + with a 2:1 complex formation (27). 
Interaction with DNA 
The discovery by Chinese scientists in 1978 of the male 
antifertility action of gossypol has stimulated research on 
the mode of action and general toxicity of the drug. The 
genetic toxicity of gossypol in man is of special interest 
because the drug is intended for long term use and gives rise 
to reversible inhibition of spermatogenesis. A small increment 
of the sister chromatid exchange levels was observed in gossypol 
treated human lymphocytes iM vitro (28). Recent work (29) 
has obtained results indicating that gossypol, above a 
certain threshold concentration, has a specific inhibitory 
effect on DNA synthesis in mammalian cells i^ vitro. Gossypol 
also appears to be a potent inducer of DNA strand breaks in 
human fibroblasts iii vitro (28). Gossypol inhibits DNA for-
mation by mammalian cells which are specifically blocked in 
the Sphase. However, cell fusion studies showed that gossypol 
inhibition of DNA formation can be reversed. Gossypol also 
inhibited DNA polymerase in a dose dependant manner in 
Micrococcus luteus and Hela cells; however a higher concentra-
tion of gossypol was required for the Hela cells probably due 
to the presence of factors which may bind gossypol. DNA 
polymerase was also inhibited in a time dependant manner. 
Gossypol induced inhibition of DNA formation in Hela cells 
was reversed by ferrous sulphate. However, other divalent 
+2 +2 +2 
cations (Zn , Cu and Mg ) were inactive. Thus, the 
gossypol inhibition of DNA synthesis may be via the action 
on DNA polymerase (30). 
The effects of gossypol on changes in human peripheral 
lymphocyte sister chromatid exchange frequencies were studied 
and compared in smoking and non-smoking healthy human males 
receiving 0.5-7 ^ g gossypol/ml in presence and absence of 
rat liver microsomal enzyme S-9 fraction. With the exception 
of a few cases the sister chromatid exchange frequency in 
peripheral lymphocytes did not change significantly in sub-
jects receiving the drug. The sister chromatid exchange 
frequency was significantly increased in smokers as compared 
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to that in non-smokers (8.87 vs 7.3). The smoking associated 
increase in sister chromatid exchange frequency in gossypol 
receiving subjects was further increased in the presence 
of S-9 fraction in a concentration dependant fashion. The 
increase of sister chromatid exchange in case of the smokers 
may be due to high level of aryl hydrocarbon hydroxylase (31). 
The chromosome damaging effect of gossypol was evaluated 
by scoring sister chromatid exchanges determining the per-
centage of pulverized metaphases and the mitotic index in 
the bone marrow cells of mice. Bone marrow cells were collec-
ted approximately 21 h after the intraperitonial injections 
of 0,20,40,80 or 160 >ig/g and oral 0,40,80 or 160 ;ug/g 
administration of gossypol. Irrespectively of the dosing 
schedule (single or multiple), the vehicle used (physiological 
saline, corn oil or 10% aqueous ethyl alcohol) and the route 
of administration, the mean sister chromatid exchange count 
per cell was higher in gossypol treated groups than their 
control counterparts (32). 
Gossypol was found to induce a dose dependant increase 
in the frequency of DNA strand breaks in human leukocytes 
exposed to 2.4 ;ug/ml of the drug for 1 h in serum free medium 
in vitro. DNA strand breaks were studied by alkaline elution 
or alkaline unwinding of DNA followed by hydroxylapatite 
chromatography. No decrease of the gossypol induced DNA strand 
breaks was observed after 24 h of treatment. Cells exposed 
to gossypol in the presence of 10% fetal calf serum showed 
no or little increase of DNA breaks suggesting that serum 
proteins inhibit the DNA damaging activity of the drug. Both 
the optical isomers of gossypol induced DNA strand breaks. 
However, the effect of(-) gossypol was only about half of 
that of (+) gossypol and of the racemic form (33). 
Gossypol was found to degrade pBR322 DNA j^ vitro in a 
reaction which required the presence of a metal ion, a re-
ducing agent (2-mercaptoethanol) and oxygen as revealed after 
+3 +2 agarose gel electrophoresis. Fe and Co showed maximum 
+2 +2 
degradation whereas Ca & Mg prevented the gossypol me-
diated DNA damage. Gossypol caused degradation of rat liver 
DNA incubated ijn vitro even in the absence of added metal 
ions and 2-mercaptoethanol. Incubation of intact rat liver 
nuclei with gossypol revealed DNA degradation and nuclei iso-
lated from rats treated with gossypol ±n_ vivo showed higher 
susceptibility to DNA fragmentation when incubated with 
gossypol ±n vitro than control nuclei. Eco RI and Alu I 
digestion of DNA isolated from gossypol treated rats gave 
clear cut evidence for DNA degradation (34). 
Gossypol shows autoxidation in air and the rate of auto-
oxidation is doubled when the pH is raised from 7 to 8 (35). 
Superoxide dismutase at 50 /ig/ml inhibited gossypol autoxida-
tion at pH8 by 80% but was ineffective at pH 7. Catalase 
failed to inhibit the autoxidation. Purging 0^ by Ng blowing 
approximately halved the rate of autoxidation at pH 8.Gossypol 
reduced cytochrome c at pH 8 more rapidly than at pH 7. 
Superoxide dismutase did not inhibit the reduction of 
cytochrome c probably because of rapid interception of super-
oxide radicals by unoxidised gossypol molecules. Generation 
10 
of superoxide radicals by gossypol in slightly alkaline 
aerobic media determines its toxicity which however may be 
affected by fungal superoxide dismutase. The capacity for 
superoxide dismutase formation probably distinguishes phy-
topathogenic strains of Fusarium oxysporum (35). Therefore, 
it is also of interest to identify the active oxygen species 
such as superoxide anion and singlet oxygen generated by 
gossypol under physiological conditions. Genotoxic effects 
of gossypol were confirmed by investigating the dose response 
relationship of gossypol induced increase in sister chromatid 
exchange frequencies in spermatogonial cells and bone marrow 
cells of mice. Gossypol at S1.2 mg/kg/day increased the 
sister chromatid exchange of both bone marrow cells and sperm 
cells. The increase of sister chromtid exchange appeared to 
be directly correlated with the doses used (36). 
As mentioned earlier, presumably the mode of action of 
gossypol as an antifertility agent is through the production 
of oxygen radicals (1). This is strengthened by the observa-
tion that gossypol is able to degrade DNA in the presence of 
a metal ion and a reducing agent. There are several DNA 
reactive compounds known that degrade DNA through the produc-
tion of active oxygen species such as OH* radical. In addition, 
numerous substances such as reduced flavins and ascorbic acid 
on autoxidation produce superoxide anion (0„'). This radical 
can further accept an electron from a reducing agent such as 
thiols to yield peroxide (H^Op). There is i^ vitro evidence 
that HpO„ then reacts with certain chelates of copper and 
iron to yield the highly reactive hydroxyl free radical ( OH*). 
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Since gossypol undergoes autoxidation, (35) it is possible 
that ( OH) radical may be generated in the presence of a 
transition metal ion and a reducing agent. There is evidence 
to suggest that gossypol can also mediate the degradation of 
DNA 2il vitro even in the absence of added metal ions and a 
reducing agent (34). The experiments presented in this dis-
sertation were carried out to explore whether gossypol is 
able to bind to DNA and if so, whether such binding leads 
to DNA degradation. 
Many chemical mutagens are used as anticancer drugs due to 
their property of inhibiting DNA or RNA synthesis. Therefore, 
studies on the interaction of gossypol with DNA are of interest 
and may provide information on the specificity of action of 
this mutagen. Compounds which react specifically with regu-
latory sequences in DNA are of special interest because of 
their potential for use as anticancer drugs. In addition, 
drug DNA interaction also has implications for the manner 
in which DNA damage alters DNA-protein recognition during 
chemically induced mutagenesis and carcinogenesis. 
E X P E R I M E N T A L 
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-MATERIALS 
Chemicals used for the present studies were obtained 
from the sources given against their names. 
Chemicals 
Agarose 
Bromophenol blue 
Bovine serum albumin 
2-Mercaptoethanol 
Deoxyribose nucleic 
acid (calf thymus) 
Diphenylamine 
Dimethyl Sulfoxide 
Formaldehyde 
Gossypol acetic acid 
Hydroxylapatite 
S- nuclease 
Sodium dodecyl sulphate 
Tris (Hydroxymethyl) 
amino methane. HCl. 
Sources 
Koch-Light Laboratory, England 
B.D.H. England 
Sigma Chem. Co., U.S.A. 
Sigma Chem. Co., U.S.A. 
Sigma Chem. Co., U.S.A. 
B.D.H., India. 
Merck., India. 
Sarabhai Chemical Works, India. 
Sigma Chem. Co., U.S.A. 
Sigma Chem. Co., U.S.A. 
Sigma Chem. Co., U.S.A. 
Sigma Chem. Co., U.S.A. 
Fluka, Switzerland. 
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METHODS 
Treatment of DNA with Gossypol 
DNA was treated with Gossypol as a 1 mg/ml solution in 
TNE (0.01 M Tris HCl, pH 7.5, O.OIM NaCl, 1 x lO""* M EDTA). 
Gossypol was added from a concentrated stock solution of 
10 mg/ml in ethanol to obtain the desired DNA nucleotide/ 
gossypol molar ratio. The mixture was incubated in sterile 
tubes overnight at 37 C and subsequently dialysed against 
100 volumes of TNE. The dialysed Gossypol treated DNA was 
used to determine the absorption spectra and S- nuclease 
hydrolysis. 
Estimation of DNA and Acid Soluble Nucleotides 
DNA nucleotides made acid soluble were determined by the 
diphenylamine method of Schneider (37) or spectrophotometri-
cally by reading the absorbance at 260 nm. To a 1.0 ml aliquot, 
2.0 ml diphenylamine reagent (freshly prepared by dissolving 
1 gm of recrystallized diphenylamine in 100 ml of glacial 
acetic acid and 2.75 ml of cone. H„SO-) was added. The tubes 
were heated in a boiling water bath for 20 minutes. The in-
tensity of blue colour was read using a spectronic-20 Bausch 
and Lomb spectrophotometer at 600 nm. To determine the acid 
soluble material spectrophotometrically, an aliquot of the 
supernatant was suitably diluted and read at 260 nm using 
spectronic 21 UVD Bausch and Lomb spectrophotometer against 
a suitable blank. 
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Preparsrtlon of Depurinated DNA and Alkaline Hydrolysis 
Gossypol treated DNA prepared as above, was subjected 
to the depurination procedure as follows. Samples were 
incubated at 50°C for 6h to achieve the release of labile 
alkylated bases (38). Alkali labile acid soluble DNA nucleo-
tides in both the treated and the depurinated DNA were de-
termined by incubating the samples for 30 min at room 
temperature. Unhydrolysed DNA was precipitated by the addition 
of BSA and perchloric acid (see below) and estimating acid 
soluble nucleotides. 
Assay of S- nuclease 
The enzyme assay was done as the estimation of acid soluble 
nucleotides, released from DNA as a result of enzymic diges-
tion. The reaction mixture in a total volume of 1.0 ml con-
tained 500 /Ug substrate (native, denatured or gossypol 
treated DNA) O.lM acetate buffer pH 4.5, 1 mM zinc sulphate, 
water and enzyme. The mixture was incubated for 3h at 48°C/ 
37 C. The reaction was stopped by adding 0.2 ml 10 mg/ml 
bovine serum albumin, and 1 ml 14% PCA (ice cold). The tubes 
were immediately transferred to 0 C for at least 1 hour before 
centrifugation to remove the undigested DNA and precipitated 
protein. Acid soluble DNA nucleotides were determined in the 
supernatant using the diphenylamine method of Schneider or 
spectrophotometrically (see above). 
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Thermal Denaturation of DNA as Measured by the Degree of 
Si Nuclease Digestion 
Samples containing 300 jag of native and modified DNA 
were heated to the desired temperature for 8 minutes and 
quickly quenched by the addition of 2.0 volumes of ice cold 
S^ nuclease standard reaction buffer. The mixture was incu-
bated with 20-40 units (unless otherwise specified) of S-
nuclease at 37 C for 3 h . The reaction was stopped by the 
addition of 0.2 ml of 10 mg/ml bovine serum albumin and 
1.0 ml ice cold 14% perchloric acid. The tubes were immediately 
transferred into an ice bath and kept at 4°C for at least 1 hour 
before centrifugation to remove precipitated protein and un-
digested DNA. The samples were processed as described above 
for the determination of acid soluble mucleotides. 
Preparation of Denatured DNA 
Denatured DNA was prepared by heating the calf thymus 
DNA solution (2 mg/ml) in a boiling water bath for at least 
7 min and quickly quenching in ice. 
Hydroxy1apatite Chromatography 
Hydroxylapatite was suspended in O.OIM phosphate buffer 
pH 7.0. The fine particles were removed and the slurry mainly 
containing coarse particles was poured into a column of 1 cm 
cross section, the column was opened and a sufficient amount 
of fluid was allowed to pass to obtain a 5.4 cm bed. DNA 
(500 Aig) in 0.5 ml samples was loaded on the column and the 
elution started with a stepwise gradient of phosphate buffer 
16 
(pH 7.0). 3.0 ml fractions were collected at the rate of 
10 ml/hr. The DNA eluted in various fractions was determined 
by the diphenylamine reaction or spectrophotometrically by 
reading absorbance at 260 nm. 
Treatment of \ Phage DNA With Gossypol and Agarose Gel 
Electrophoresis 
0.5-1 ;ug X phage DNA in 20^1 of TE was incubated with 
the appropriate concentration of gossypol. The mixture was 
incubated at 37 C for the time period indicated in the legend. 
Gossypol was removed by dialysis on 0.025 micron pore size 
millipore filter. A sample buffer containing 20% sucrose, 
0.1% bromophenol blue and 2% SDS was added and the samples 
were electrophoresed on 1% agarose gels in tris-acetate-EDTA 
buffer (0.04 M Trisacetate, 0.002 M EDTA pH 8.0). The gels 
were stained in 0.5/ag/ml ethidium bromide and photographed 
in UV. 
R E S U L T S 
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Absorption Spectra of Gossypol - DNA Complex 
Figure 1 shows the UV absorption spectrum of DNA treated 
with increasing molar ratios of gossypol. DNA was treated 
with gossypol overnight and dialysed before reading the 
absorption spectrum. An enhancement in the UV absorption 
of DNA is observed with increasing gossypol concentration. 
Since gossypol also absorbs in the UV region the results 
suggest that gossypol binds to DNA under the conditions used. 
In Fig. 2 is given the visible absorption spectrum of 
gossypol from 320 - 430 nm in the presence of increasing 
molar ratios of DNA nucleotide. A quenching effect on the 
absorption of gossypol is observed as the concentration of 
DNA is increased. These observations further indicate the 
binding of gossypol to DNA. Fig. 3 shows a similar experi-
ment in which the gossypol DNA mixture was preincubated at 
room temperature before recording the absorption spectra. In 
contrast with the previous experiment an enhancement in 
the absorption of gossypol is observed with increasing con-
centration of DNA. In addition a bathochromic shift in the 
absorption maxima from 375 to 385 nm is also seen. As dis-
cussed in the "Introduction" gossypol has been shown to 
undergo autoxidation in air thus, the low absorption of 
gossypol alone observed in this experiment is due to this 
effect. The results also indicate that presence of DNA 
affords protection to gossypol against autoxidation. 
Fig.l 
UV Absorption Spectra of DNA Treated with Increasing 
Concentration of Gossypql. 
A 1 mg/ml solution of DNA (3 JOL mole DNA nucleotide) 
was treated with increasing molar concentration of 
gossypol relative to DNA nucleotide in sterile tubes. 
The duration of treatment was 15 h at 37°C. The con-
tents were then dialysed (in dialysis bags boiled in 
EDTA) against two changes of TNE of 1 litre each at 
room temperature. 0.1 ml of the sample was diluted to 
3 ml in TNE and the spectra recorded. 
DNA alone ( ^ ) 
Gossypol/DNA nucleotide molar ratios of 1:0.1 ( 0 ) 
1:0.2 ( O > 
1:0.4 ( • ) 
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Fig. 2 
Absorption Spectra of Gossypol in the Visible 
Region in the Presence of Increasing Concentration 
of DNA read immediately 
The absorption solution contained 0.02^ mole 
gossypol, 0.5 ml DMSO and increasing volume of 
a 2 mg/ml solution of DNA to give the indicated 
gossypol/DNA nucleotide molar ratios. The volume 
was made up to 3.5 ml by adding TNE. The spectra 
were recorded immediately after mixing the solutions, 
Gossypol alone ( • ) 
Gossypol/DNA nucleotide molar ratio 1:15 ( O ) 
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Fig. 3 
Absorption Spectra of Gossypol in the Visible region 
in the Presence of Increasing Concentration of DNA 
The absorption solution contained 0.02^ mole 
gossypol, 0.5 ml DMSO and increasing volumes of 
a 2 mg/ml solution of DNA to give the indicated 
Gossypol/DNA nucleotide molar ratios. The volume 
was made up to 3.5 ml by adding TNE. The solutions 
were incubated at room temperature in air for 2 h 
before recording the spectra. 
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S., nuclease and Alkaline Hydrolysis of Gossypol Treated DNA 
DNA treated with increasing molar ratios of gossypol was 
subjected to hydrolysis by the single strand specific nuclease 
S^. Gossypol treated DNA was dialysed as described in methods 
before incubation with S- nuclease. A higher temperature of 
48 C was used for incubation in order to expose relatively 
less stable secondary structures in DNA to the enzyme. The 
results given in table 1 show a progressive decrease in DNA 
hydrolysis with increasing gossypol concentration. Under 
the same conditions, control native and denatured DNA showed 
2.6 abd 100% hydrolysis respectively. These results suggest 
that the binding of gossypol to DNA causes the stabilization 
of the secondary structure of the duplex rendering it less 
susceptible to S^  nuclease digestion. In order to test whether 
apurinic or apyrimidinic sites are created on gossypol treat-
ment, the treated samples were subjected to alkaline hydro-
lysis (39). As seen, 0.1 M NaOH does not lead to the 
formation of any acid soluble material suggesting that purines 
or pyrimidines are not liberated during gossypol treatment. 
S- nuclease can be used to determine the thermal melting 
profiles of native DNA through digestion of denatured strands 
(40). Fig . 4 shows such an experiment where thermal melt-
ing profiles of gossypol treated and dialysed DNA have been 
determined by this procedure. Using denatured DNA it was 
first shown that S^  nuclease is not inhibited to any signi-
ficant extent at the concentration of gossypol used in the 
melting profile assay. Even at the highest molar ratio 
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TABLE-I 
S- Nuclease and Alkaline Hydrolysis of Gossypol Treated DNA 
DNA Nucleotide/ 
Gossypol Molar 
Ratio 
Denatured DNA 
Native DNA 
No Gossypol 
(1:0.1) 
(1:0.2) 
(1:0.4) 
S]^ Nuclease 
Hydrolysis 
(% DNA Hydro-
lysed) 
100 
2.6 
13.2 
11.0 
9.9 
2.2 
Alkaline Hydrolysis 
it DNA Hydrolysed ) 
Gossypol Gossypol 
Treated Treated Depuri-
DNA nated DNA 
-
-
< 1.0 
< 1.0 
< 1.0 
< 1.0 
-
-
< 1.0 
< 1.0 
< 1.0 
< 1.0 
Treatment of DNA with gossypol and dialysis was carried out 
as in Fig.l. 500 ;ug treated, untreated and denatured DNA 
was subjected to S- nuclease hydrolysis as described in 
methods. The incubation was done at 48°C for 2 h . For 
alkaline hydrolysis of treated and "depurinated" DNA 500 /Ug 
sample in 1 ml was incubated with 0.1 M NaOH at room tem-
perature for 15 min. Alkali labile acid soluble nucleotides 
in both S- nuclease and alkali hydrolysed samples were de-
termined by the diphenylamine reaction after precipitating 
with perchloric acid in the presence of 2 mg BSA. 
Fig.4 
Thermal Melting Pi'ofiles of Native and Gossypol treated 
DNA as Determined by the Degree of S-] Nuclease Digestion 
Treatment of calf thymus DNA with Gossypol at various 
Gossypol concentrations was done as described in Fig.l. 
Samples containing 300 ^ g untreated or treated DNA 
samples (0.3 ml) were heated to the desired temperature 
for 8 min and quickly quenched by addition of ice cold 
water (0.48 ml) and 0.5 M sodium acetate buffer (0,2 ml) 
-4 pH 4.5 and ZnSO. to a final concentration of 5 x 10 M. 
The mixture was then incubated with 20 units of S-nuclease 
at 37 C for 3 h . The reactions were terminated and 
processed as described in methods. 
DNA alone ( • ) 
DNA/gossypol molar ratios of 1:0.1 ( O ) 
1:0.4 ( A ) 
lOOi 
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TABLE-II 
Effect of Gossypol on S]^  Nuclease Hydrolysis of Denatured DNA 
DNA Nucleotide/Gossypol molar % DNA Hydrolysed 
ratio 
Control (no Gossypol) 100% 
1:0.65 79.5% 
1:1.25 81.7% 
1:2.5 79.5% 
1:5 70.73% 
1:10 57.3% 
1:20 52.1% 
Effect of increasing relative concentration of gossypol on 
the hydrolysis of denatured DNA. 
Appropriate amounts of drug solutions (in DMSO) were added 
to 400 ^ g of heat denatured DNA in a volume of 1 ml to achieve 
the desired DNA nucleotide/gossypol molar ratio. The re-
action mixture also contained 0.1 M acetate buffer pH, 4.5 
and 1 mM ZnSO.. Incubation was done with 20 units of S-4 1 
nuclease at 37 C for 2 h . The reaction was terminated and 
processed as described in methods. 
Fig.5 
Hydroxylapatlte Chromatography of DNA Treated With 
Gossypol 
The treatment of DNA at various gossypol concentrations 
was done as described in Fig.l. 500>ug treated or 
untreated DNA in a volume of 0.25 ml TNE was loaded 
on a 1 X 5.4 cm hydroxylapatlte column previously equi-
librated with 0.01 M. Potassium phosphate buffer pH 7.0 
3 ml fractions were collected at the rate of 10 ml/hr 
and their absorption measured at 260 nm. 
Untreated DNA ( a ) 
DNA nucleotide/gossypol molar ratios of 1:0.1 ( b ) 
1:0.2 ( c ) 
1:0.4 ( d ). 
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tested (DNA nucleotide/gossypol molar ratio of l-:20) only 
50% inhibition of the enzyme activity is observed (table 2). 
The midrange melting temperature of native control DNA was 
determined to be 73 C. The same value for gossypol treated 
DNA at DNA nucleotide/gossypol molar ratios of 1:0.1 and 
1:0.4 was found to be 76°C and 77°C respectively. These 
results again demonstrate a stabilization of the secondary 
structure of DNA and are in agreement with the observations 
made in table 1. 
Hydroxylapatite Chromatography of Gossypol Treated DNA 
Hydroxylapatite chromatography is a standard technique 
to fractionate double and single stranded nucleic acids. 
However, subtle differences in the secondary structure of 
DNA can also be distinguished by this procedure (41). Fig.5 
a shows the elution pattern of native, untreated DNA from 
a hydroxylapatite column. It is seen that more than 80% of 
the DNA is eluted with 0.3 M phosphate buffer. Fig.5 b,c 
and d are elution patterns obtained with DNA treated with 
gossypol at DNA nucleotide/drug molar ratios of 1:0.1, 1:0.2 
and 1:0.4. It is observed that the proportion of DNA eluted 
with 0,2 M phosphate progressively increases with the molar 
ratio of gossypol till in Fig.4 d, all the DNA comes off 
the column with 0.2 M phosphate buffer. These results in-
dicate that gossypol treated DNA binds to hydroxylapatite 
with a lowered affinity. The possibility that the DNA eluting 
from hydroxylapatite columns at the reduced phosphate molar-
ity is not denatured was ruled out as follows. DNA treated 
with gossypol at the DNA nucleotide/drug molar ratio of 
Fig.6 
Hydroxylapatite Chromatography of DNA Treated with 
Gossypol and Extracted with Chloroform/Butanol to 
remove the drug. 
DNA was treated with gossypol at a DNA nucleotide/ 
drug molar ratio of 1:0.2 and dialysed as described 
in Fig.l. The dialysed sample was extracted 3 times 
with an equal volume of a 1:1 mixture of n-butanol and 
chloroform. Control untreated DNA was also treated 
in a similar fashion. A sample containing 400/ig DNA 
(0.4 ml) was applied to the column and the column eluted 
as given in Fig.4. 
Untreated DNA (a) 
Treated DNA and extracted with chloroform-butanol (b). 
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1:0.2 as described above was extracted several times with 
a 1:1 mixture of n-butanol and chloroform before loading on 
the column. All the DNA now eluted with 0.3 M phosphate 
buffer indicating its essential double stranded nature(Fig.6). 
As described in the "Introduction" gossypol has been 
reported to cause strand breaks in cellular DNA both ±n vivo 
and 3^ vitro (33,34). In order to further explore this 
possibility, the gossypol treated and dialysed DNA (DNA 
nucleotide/gossypol molar ratio 1:0.2) was extracted with 
chloroform and n-butanol to remove the drug and subjected to 
SH nuclease hydrolysis. The results given in Fig. 7 show 
the rate of hydrolysis of gossypol treated DNA and the control 
untreated DNA (which was also incubated and carried through 
the extraction procedure) with increasing S- nuclease con-
centration. It is seen that the rate of hydrolysis of 
gossypol treated DNA is double of that of the control samples 
indicating a destabilization of the DNA secondary structure 
possibly through the formation of strand breaks. These re-
sults are further confirmed by the results given in Fig.8, 
which show the thermal melting profiles of gossypol treated 
and extracted DNA and untreated DNA. The midrange melting 
temperature is considerably reduced in the treated sample 
from 80° to 74°C. 
Fig.7 
Si Nuclease Hydrolysis of DNA Treated with Gossypol and 
extracted with chloroform/butanol to remove the drug 
Treatment of DNA with gossypol and dialysis was done 
at a DNA nucleotide/drug molar ratio of 1:0.2 as descri-
bed in Fig.l. Untreated DNA was also carried through 
the same procedure. 400 /ig treated and untreated 
samples were hydrolysed with increasing units of S-
nuclease at 48 C. Acid soluble nucleotides were de-
termined by the diphenylamine reaction. 
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Fig.8 
Thermal Melting Profiles of Native and Gossypol Treated 
DNA after Extraction with Chloroform/Butanol 
Gossypol treatment of DNA and solvent extraction was 
done as described in Fig.6. Thermal melting profiles 
were determined as given in Fig. 3. 
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The above results suggest that gossypol alone is able 
to degrade DNA on prolonged incubations. However, under the 
methods used such degradation can only be detected after 
the gossypol bound to DNA is extracted by organic solvents. 
As described in the "Introduction" transition metal ions such 
+3 
as Fe can catalyze gossypol mediated DNA degradation. In 
table 3 is given an experiment where DNA was treated with 
+3 gossypol in the absence and presence of Fe and a reducing 
agent. Gossypol was extracted by butanol-chloroform before 
being subjected to S- nuclease hydrolysis. It can be seen 
that DNA degradation (formation of single strand breaks or 
+3 
regions) is greatly enhanced in the presence of Fe and 
2-mercaptoethanol. These results were further confirmed by 
the agarose gel electrophoresis of x phage DNA treated under 
the same conditions. Only the sample treated in the presence 
+3 
of Fe and 2-mercaptoethanol shows the production of hetero-
geneous sized DNA molecules as indicated by the smearing in 
lane 4. In order to determine whether a ternary complex 
+3 between gossypol, DNA and Fe is formed during the DNA 
cleavage reaction, absorption spectra of gossypol were 
recorded in the presence of DNA and increasing concentration 
of FeCl„. As shown in Fig.9, a hypsochromic shift, in the 
absorption spectrum is observed as the concentration of 
FeCl„ is increased suggesting the formation of a ternary 
complex. 
Fig.9 
Absorption Spectra of Gossypol in the Presence of DNA 
and with Increasing Concentration of Ferric Chloride, 
Spectra were recorded of solutions containing 17% DMSO 
in TNE, 60>uM gossypol and 571 >ug/ml DNA (DNA nucleotide/ 
gossypol molar ratio 15:1); concentrations of FeCl„ were 
No. FeClg ( O ) 
0.015 mM FeClg ( • ) 
0.028 mM FeCl ( L ) 
0.056 mM FeClg ( g ) 
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TABLE-III 
S.. Nuclease Hydrolysis of DNA Ti'eated with Gossypol in the 
presence of Fe"*"^  and a Reducing Agent. 
DNA Nucleotide/Gossypol % DNA Hydrolysed 
Molar Ratio 
(1:0.2) 
Control (DNA alone) 7.7 
DNA + Gossypol 8.8 
DNA + Gossypol + FeClg 9.9 
DNA+Gossypol+FeCl„+2-mercaptoethanol 15.4 
Treatment of DNA in TNE (1 mg/ml) with Gossypol (0.06 mM) was 
carried out with FeCl^ (0.06 mM) and 2-mercaptoethanol (1 mM) 
in sterile tubes at 37 C for 15 h. At the end of the incuba-
tion period the reaction mixtures were extracted with 
n-butanol/chloroform as described in Fig.6. They were further 
extracted with chloroform only to remove any residual butanol. 
0.5 ml of the extracted reaction mixture was subjected to 
S- nuclease hydrolysis in the standard assay. 
Fig.10 
Absorption Spectra of Gossypol in the Visible Region 
in 50 mM Potassium Phosphate Buffer pH 7.8. 
The absorption solution contained 0.06 mM gossypol 
and 17% DMSO. 
Spectrum after immediate addition of gossypol ( • ) 
Spectrum after 5 h incubation in fluorescent light 
without 2-mercaptoethanol ( O ) 
With 0.5 mM 2-mercaptoethanol ( * ). 
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As mentioned above gossypol undergoes autoxidation in 
air. In order to determine if the autoxidation can be pre-
vented in the presence of a reducing agent the experiment 
shown in Fig. 10 was carried out. As can be seen the pre-
sence of 2-mercaptoethanol does not have any protective 
effect on the autoxidation. 
Fig.11 
Degradation of X phage DNA by Gossypol 
0.5 Aig phage DNA in 20 >ul of TE was incubated with 
24 Aim concentration of gossypol for 4 h at 37°C. 
Lane 1 represents phage DNA alone incubated without 
gossypol. Gossypol was removed by dialysis on 0.025 
micron pore size millipore filter. After incubation, 
5 >ul of a sample buffer containing 20% sucrose, 0.1% 
bromophenol blue and 2% SDS was added and the samples 
electrophoresed on 1% agarose gel. 
Lane 1, DNA alone ( 1 ) 
Lane 2, with gossypol alone ( 2 ) 
Lane 3, gossypol + 0.1 mM FeCl„ ( 3 ) 
Lane 4, gossypol + 0.1 mM FeCl„ + 1 mM 
2-mercaptoethanol ( 4 ). 
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The principal conclusions of the above experiments may 
be stated as follows (i) Gossypol is able to bind to ds DNA 
as indicated by the quenching of the absorption spectrum of 
gossypol; (ii) ds DNA with gossypol bound to it exhibits a 
greater stability of its secondary structure. This is indi-
cated by the lower susceptibility to S- nuclease hydrolysis 
of gossypol treated DNA. (iii) when ds DNA complexed with 
gossypol is chromatographed on hydroxylapatite (HA) a lower 
affinity of DNA for HA is observed resulting in its elution 
from the column at a relatively lower phosphate molarity, 
(iv) when the bound gossypol is extracted from the DNA the 
DNA shows a greater susceptibility to S- nuclease hydrolysis 
suggesting the formation of strand breakage. (v) The binding 
of gossypol to DNA affords protection against autoxidation 
of gossypol. 
Gossypol, a polyphenolic binaphthalene dialdehyde, is 
reputed to exert contraceptive action in males. However, its 
mechanism of action has remained elusive. Gossypol has been 
reported to induce DNA strand breaks in human leukocytes in 
vitro (33) and it has also been clinically tested as an anti-
cancer agent and as an antiviral agent in treatment of certain 
viral infections including herpes (42,43,44). It would there-
fore be reasonable to assume that the spermicidal action of 
gossypol is through its action on cellular DNA. 
Gossypol has been shown to generate superoxide radicals 
(Og ) and to undergo autoxidation in slightly alkaline aerobic 
solutions (35). The superoxide radical may accept a further 
electron from a reducing agent such as thiols or ascorbate to 
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yield peroxide (H O^). There is ija vitro evidence that H^Op 
may then react with chelates of copper and iron to give rise 
to hydroxyl radical (OH*) by the Fenton reaction (45). The 
superoxide anion is fairly unreactive in aqueous solutions(46). 
In mechanisms of oxygen toxicity, most of the damaging effects 
of Ol generating systems have been attributed to 0* dependant 
formation of more reactive oxygen species such as hydroxyl 
radical ( OH") and singlet oxygen. 
Both OH* and singlet oxygen 0^ are believed to be gen-
erated by OA through a modified Haber-Weiss reaction (47). 
The OH* is highly reactive and can react with most molecules 
very rapidly by a combination of addition, hydrogen abstrac-
tion or electron transfer reactions (48). Thus the importance 
of superoxide anion relates to its ability to react with 
HpOp and possibly other substances, to generate 0„ and OH*. 
Both OH and 0^ are capable of reacting with nucleic acids 
(49,50). Whereas the OH*reacts with both purines and pyri-
midines indiscriminately and without pronounced specificity, 
the ability of O- to react with nucleic acids is limited. 
Op behaves as a strong electrophile in solution and reacts 
with molecules possessing regions of high electron density. 
Since guanine is the best electron donor of the bases present 
in nucleic acids it would be expected to react preferentially 
with Op. 
The production of superoxide anion, singlet oxygen and 
hydroxyl radicals by gossypol in solutions is currently under 
investigation in our laboratory. The DNA - strand scission 
by gossypol in the presence of transition metals such as 
39 
+3 Fe , a reducing agent and molecular oxygen (34) is strongly 
indicative of a reduced oxygen species such as OH* being in-
volved. Irrespective of the mechanism of the mutagenic action 
of gossypol it is clear that the ability of gossypol to induce 
DNA damage is important in considerations of its use as an 
antifertility drug. In addition the ingestion of gossypol 
as a natural feed contaminant by animals may lead to undesir-
able effects. 
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